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STUDIES IN HUMANS HAVE SHOWN that impaired endothelial function is a strong predictor of cardiovascular events, such as stroke, myocardial infarction, congestive heart failure, and sudden cardiac death, even in the absence of an elevation of arterial blood pressure (13, 15, 36, 44, 54) . Long-term follow-up studies have shown that normotensive salt-sensitive individuals not only have a greater risk of developing hypertension than salt-resistant subjects, but also exhibit a higher mortality rate, even if they fail to develop hypertension (50) .
Similar to salt-sensitive humans, the Dahl salt-sensitive (Dahl SS) rat develops a low-renin form of hypertension when fed a high-salt (HS) diet (4.0% NaCl) (5, 41) . However, normotensive Dahl SS rats maintained on a normal-salt (NS) diet (0.4% NaCl) also exhibit a dramatic impairment in vascular relaxation that appears to be related to chronic exposure to low levels of circulating angiotensin II (ANG II) (8) . For example, isolated middle cerebral arteries (MCAs) from Dahl SS rats fed a NS diet either fail to dilate or display a paradoxical vasoconstriction in response to acetylcholine (ACh), reduced PO 2 , and the stable prostacyclin analog iloprost (8) . Previous studies indicate that vascular relaxation is restored when Dahl SS rats are given a continuous intravenous (iv) infusion of a subpressor dose of ANG II (3 ng·kg Ϫ1 ·min Ϫ1 ) for 3 days (9) .
A relationship between plasma renin activity (PRA) and vascular relaxation mechanisms is further suggested by studies in SS-13BN/Mcwi consomic rats, in which chromosome 13 from the Brown Norway (BN) rat has been introgressed onto the Dahl SS genetic background through marker-assisted breeding (4) . Although SS-13BN/Mcwi rats have only a 1.95% allelic variation from the parental Dahl SS strain (5, 24) , normal vascular relaxation mechanisms to ACh and reduced PO 2 that are lost in the Dahl SS strain are maintained in MCAs from the SS-13BN/Mcwi strain (8, 9) . Also, in contrast to the parental Dahl SS rat, SS-13BN/Mcwi rats are able to maintain normal PRA and normal circulating ANG II levels when they are maintained on a NS diet, demonstrating that they can regulate their renin-angiotensin system normally (5) . To further elucidate the role of the renin gene in contributing to these phenotypic differences, overlapping congenic strains were created that are focused around the region of chromosome that contains the renin gene.
The goal of the present study was to evaluate the vasodilator response to ACh in isolated MCAs of rats from the parental Dahl SS strain and three narrowed congenic strains having portions of BN chromosome 13, with and without the BN renin allele, introgressed onto the Dahl SS genetic background. The contribution of reduced ANG II levels and/or reduced activation of the angiotensin type 1 (AT 1 ) receptor to impaired vascular relaxation in MCAs was further tested by evaluating vessel responses to ACh during angiotensin-converting enzyme (ACE) inhibition or AT 1 -receptor blockade with losartan in Ren1-BN rats (carrying the BN renin allele in the Dahl SS genetic background). Responses to ACh were also determined in Dahl SS rats receiving chronic iv infusion of a low-dose ANG II for 3 days to counteract the chronically low levels of circulating ANG II that exist in Dahl SS rats fed NS diet. The role of elevated vascular superoxide levels in contributing to the endothelial dysfunction present in Dahl SS fed a NS diet was also evaluated by chronically treating Dahl SS rats with the superoxide dismutase (SOD) mimetic tempol in the drinking water.
MATERIALS AND METHODS
General procedures. The present study was performed in male Dahl SS (Dahl SS/JHsd/Mcwi) rats and congenic strains derived from a cross between SS-13BN/Mcwi consomic rats and the Dahl SS rat. Congenic strains were developed by marker-assisted breeding, as previously described (33) . The congenic strains used in this study are SS.BN-(D13hmgc41-D13hmgc23)/Mcwi (Ren1-BN strain), which has a 2.0-Mbp portion of BN chromosome 13 containing the BN renin allele, and two overlapping, narrowed congenic strains that retain the Dahl SS renin allele: SS.BN-(D13rat77-D13rat105) (Ren1-SSA strain), 3.5 Mbp in size, and SS.BN-(D13rat124-D13rat101) (Ren1-SSB strain), 2.6 Mbp in size (Fig. 1) . Information about newly developed congenic strains and microsatellite markers is available through the Rat Genome Database (http://rgd.mcw.edu).
For all experiments, we used age-matched (9 -14 wk old) male Dahl SS, Ren1-BN, Ren1-SSA, and Ren1-SSB rats that weighed 300 -400 g. All animals were maintained on a NS (0.4% NaCl) diet (Dyets, Bethlehem, PA) since weaning, with drinking water ad libitum. Additional experimental groups (n ϭ 5-8) were given either the ACE inhibitor captopril (100 mg·kg Ϫ1 ·day Ϫ1 ) in their drinking water for 3 days, the AT 1-receptor antagonist losartan (20 mg·kg Ϫ1 ·day Ϫ1 ) in their drinking water for 7 days, or the SOD mimetic tempol (15 mg·kg Ϫ1 ·day Ϫ1 ) in their drinking water for 3 days. A separate group of Dahl SS rats maintained on 0.4% NaCl diet received a chronic iv infusion of a low dose of ANG II (3 ng·kg Ϫ1 ·min Ϫ1 ) for 3 days to counteract the chronically low ANG II levels present in Dahl SS rats fed NS diet, as previously described by Drenjancevic-Peric and Lombard (9) . All experimental procedures were approved by the Medical College of Wisconsin Institutional Animal Care and Use Committee.
Chronic blood pressure monitoring. Mean arterial pressure was measured by radiotelemetry (Data Sciences, St. Paul, MN) in conscious 9-wk-old rats fed 0.4% NaCl diet (Dyets) since weaning. Telemetry transmitters (TA11PA-C40) were implanted subcutaneously (under isoflurane anesthesia), and the catheter was inserted into the abdominal aorta via the femoral artery. After 4 days of recovery, blood pressure was measured each morning between 9 AM and 12 PM, and the values obtained over the 3-h recording period were averaged every day for 3 consecutive days.
Isolated vessel preparation and vasodilator stimuli. On the day of the experiment, animals were anesthetized with an intraperitoneal injection of a low dose of pentobarbital sodium (30 mg/kg; Ovation Pharmaceuticals, Lake Forest, IL) due to the sensitivity of the Dahl SS rat to the anesthetic (45) . MCAs were isolated, cannulated with tapered glass micropipettes, and maintained at 37°C in a heated chamber for 1 h while they were perfused and superfused with physiological salt solution (PSS) and bubbled with a 21% O2/5% CO 2/74% N2 gas mixture (8) . The vessels were pressurized to 80 mmHg to simulate in vivo conditions, and internal diameters were measured via television microscopy. The response of the arteries to the endothelium-dependent vasodilator ACh (10 Ϫ10 -10 Ϫ5 M) and the nitric oxide (NO) donor sodium nitroprusside (SNP; 10 Ϫ10 -10 Ϫ4 M) was assessed by measuring vessel diameters during cumulative addition of the agonists to the tissue bath.
In experiments involving MCAs from Ren1-BN congenic rats, Dahl SS rats receiving an iv infusion of ANG II, or Dahl SS rats receiving chronic tempol treatment, the NO synthase (NOS) inhibitor N G -nitro-L-arginine methyl ester (L-NAME; 100 M) was added to the perfusate and superfusate for 20 min before the assessment of the vasodilator response to ACh to evaluate the role of NO in mediating vascular responses to ACh. In all experiments, maximum vessel diameter was determined by perfusing and superfusing the MCA with Ca 2ϩ -free PSS. Spontaneous resting tone (%) was calculated as follows: tone ϭ [(Dmax Ϫ Dc)/Dmax] ϫ 100, where Dmax is the Fig. 1 . Map of genetic markers on rat chromosome 13. Solid segments represent the Brown Norway (BN) segments of chromosome 13 that were introgressed onto the Dahl salt-sensitive (SS) genetic background through marker-assisted breeding.
diameter of the maximally relaxed vessel in Ca 2ϩ -free solution, and Dc is the resting control diameter in PSS.
Western blot analysis. To evaluate the expression of the M3 muscarinic receptor, endothelial NOS (eNOS) and phospho-eNOS (S1177), Western blots were run with cerebral resistance arteries that were isolated from the ventral surface of the brain after the MCAs were removed for study (see above). After removal, the vessels were washed in PSS to remove blood and homogenized with a FastPrep-24 tissue and cell homogenizer (MP Biomedicals, Solon, OH) using cold homogenization buffer containing protease and phosphatase inhibitors and having the final composition (mM): 10.0 K 2HPO4, 1.0 KH2PO4, 1.0 EDTA, and 250.0 sucrose. The protein concentration of the tissue homogenates was determined using the Coomassie Plus protein assay reagent (Thermo Fisher Scientific, Waltham, MA) and 5.0 g of protein were loaded onto a 4 -20% Biorad Criterion precast gel (Bio-Rad Laboratories, Hercules, CA) for separation by electrophoresis. Following electrophoretic separation, the protein was transferred onto a nitrocellulose membrane and blocked with 10% nonfat dry milk (NFDM) for 1 h. The membranes were then incubated overnight in 5% NFDM with the primary antibodies for either the M 3 muscarinic receptor (Santa Cruz Biotechnology, Santa Cruz, CA; 1:200 dilution), phospho-eNOS (S1177) (BD Biosciences, San Jose, CA; 1:4,000 dilution), or ␤-actin (Sigma Aldrich, St Louis, MO; 1:25,000 dilution). The next day, the membranes were washed with Trisbuffered saline containing Tween-20 and incubated with the secondary antibodies in 5% NFDM for 2 h. After secondary antibody incubation, the membranes were washed with Tris-buffered salineTween-20, and protein bands were visualized using the SuperSignal West pico chemiluminescent substrate (Thermo Fisher Scientific). Protein bands were quantified using the UNSCAN-IT software (Silk Scientific, Orem, UT), and final expression was normalized to ␤-actin as follows: [(PD/PD ␤-actin) ϫ 100], where PD is the pixel density of the individual protein bands of interest, and PD␤-actin is the PD of the individual ␤-actin bands.
For evaluation of the degree of phosphorylation of eNOS at S1177, the antibodies for phospho-eNOS (S1177) were stripped from the membrane using a solution containing the following: 62.5 mM Tris·HCl, 2.5% sodium dodecyl sulfate, and 3.5 M 2-mercaptoethanol. Once the antibodies were removed, the membrane was washed and blocked with 5% NFDM for 1 h and incubated with a primary antibody for eNOS (BD Biosciences; 1:4,000 dilution) in 5% NFDM overnight. The next day, the membrane was washed and incubated with the secondary antibody in 5% NFDM for 2 h and visualized using the SuperSignal West pico chemiluminescent substrate (Thermo Fisher Scientific). Protein bands were quantified using the UNSCAN-IT software (Silk Scientific, Orem, UT), and final expression was normalized to total eNOS expression as follows: [(PD p-eNOS/PDeNOS) ϫ 100], where PDp-eNOS is the PD of the individual phospho-eNOS (S1177) protein bands, and PDeNOS is the PD of the same eNOS bands.
Statistical analysis. All data are presented as mean value Ϯ SE. For comparisons of baseline vessel diameter, maximum vessel diameter, percent resting tone, and concentration-response curve values, differences between multiple groups were assessed using one-way ANOVA. Differences between individual means following ANOVA were evaluated using a post hoc Holm-Sidak test. For comparisons of diameter changes between two groups and for comparisons of Western blot analysis, an unpaired Student's t-test was used to evaluate significance. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Baseline and maximum vessel diameters in the various experimental groups are summarized in Table 1 . Except for L-NAME-treated MCAs from Dahl SS rats that received an ANG II infusion, there were no differences in vessel diameter or active tone (%) between the groups, showing that differences in vascular relaxation responses (see below) were not due to initial differences in resting diameter or active tone, i.e., preexisting constriction of the vessel. Conscious blood pressure measurements from the three congenic strains and the parental Dahl SS rat strain maintained on a NS diet are summarized in Fig. 2 . Mean arterial blood pressures for all strains were in the normotensive range. Figure 3 summarizes the response of isolated MCAs from the Dahl SS, Ren1-BN, Ren1-SSA, and Ren1-SSB rat strains to ACh (10 Ϫ10 -10 Ϫ5 M) and SNP (10 Ϫ10 -10 Ϫ4 M). Arteries from the Ren1-BN congenic strain, which contains the BN renin allele, dilated in a dose-dependent manner to ACh, Values are means Ϯ SE; n, no. of animals. Percent active tone was calculated by subtracting the vessel baseline diameter from the maximum diameter, dividing the difference by the maximum diameter and multiplying by 100. SS, salt sensitive; BN, Brown Norway; L-NAME, N G -nitro-L-arginine methyl ester; ANG II, angiotensin II. *Significant difference (P Ͻ 0.05), Dahl SS-ANG II infused ϩ L-NAME vs. all groups except Ren1-BN ϩ L-NAME, Dahl SS ϩ tempol, and Dahl SS ϩ tempol ϩ L-NAME. †Significant difference (P Ͻ 0.05), Dahl SS-ANG II infused ϩ L-NAME vs. Ren1-BN ϩ captopril, Dahl SS ϩ losartan, Dahl SS-saline infused, and Dahl SS-ANG II infused.
whereas MCAs from the Dahl SS, Ren1-SSA, and Ren1-SSB strains, which retain the Dahl SS renin allele, did not (Fig. 3A) . Arteries from all four rat strains dilated in response to SNP (Fig. 3B) . The response to SNP was similar between groups, except for 10 Ϫ7 M and 10 Ϫ6 M SNP, where dilation of MCAs from Ren1-SSA rats was significantly greater than those of the Dahl SS parental strain. Addition of the NOS inhibitor L-NAME (100 M) to the perfusate and superfusate eliminated the vasodilator response to ACh in Ren1-BN rats (Fig. 4) , indicating that the response was NO dependent.
Expression of the M 3 muscarinic receptor for ACh was similar in cerebral arteries from Ren1-BN congenic rats and Dahl SS rats (Fig. 5) . Total eNOS expression and the degree of phosphorylation of eNOS at S1177 were also similar in cerebral arteries from Ren1-BN and Dahl SS rats (Fig. 6) .
Chronic treatment of Dahl SS rats fed NS diet with the SOD mimetic tempol (15 mg·kg Ϫ1 ·day
Ϫ1
) restored the vasodilator response to ACh in isolated MCAs, and this response could be eliminated by preincubating the MCAs with L-NAME before Fig. 2 . Mean arterial blood pressures measured by radiotelemetry in conscious Dahl SS (n ϭ 17), Ren1-BN (n ϭ 13), Ren1-SSA (n ϭ 11), and Ren1-SSB (n ϭ 18) rats. Values are means Ϯ SE in mmHg. the assessment of the vasodilator response to ACh (Fig. 7A ). Chronic tempol treatment had no effect on the vasodilator response to ACh in isolated MCAs from Ren1-BN congenic rats (Fig. 7B) . Figure 8 summarizes the response to ACh and SNP in MCAs from Dahl SS rats maintained on NS diet and receiving chronic iv infusion of a subpressor dose of ANG II for 3 days. In those experiments, vascular relaxation in response to ACh was restored in MCAs from Dahl SS rats receiving low-dose ANG II infusion, and SNP-induced dilation was slightly increased, although this was not significant. The ACh-induced dilation that was restored by low-dose ANG II infusion could be eliminated by preincubating the MCA with L-NAME, demonstrating that the response was NO dependent, similar to the ACh-induced vasodilator response observed in MCAs from Ren1-BN congenic rats. As shown in Figs. 9 and 10 , respectively, chronic infusion of ANG II had no effect on M 3 muscarinic receptor expression, eNOS expression, or phosphorylation of eNOS at S1177 in cerebral arteries of the Dahl SS rats. Figure 11A shows the effect of oral administration of the ACE inhibitor captopril or the AT 1 -receptor antagonist losartan on the response to ACh in MCAs of Ren1-BN congenic rats. Vasodilator responses to ACh were significantly reduced in MCAs of Ren1-BN rats receiving either captopril or losartan treatment. By contrast, oral administration of captopril or losartan did not restore the vasodilator response to ACh in Dahl SS rats (Fig. 11B) . ; n ϭ 6). Middle cerebral arteries from a separate group of tempol-treated Dahl SS rats were preincubated with L-NAME (100 M; n ϭ 6) for 20 min before the assessment of the vasodilator response to ACh. *Significant difference, Dahl SS ϩ tempol vs. Dahl SS ϩ tempol ϩ L-NAME (P Ͻ 0.05). †Significant difference, Dahl SS ϩ tempol vs. Dahl SS ϩ tempol ϩ L-NAME and Dahl SS. The Dahl SS control response is replotted from Fig. 3 . B: response of isolated middle cerebral arteries of Ren1-BN rats (n ϭ 9) to acetylcholine (10 Ϫ10 -10 Ϫ5 M) Ϯ 7-day oral treatment with the SOD mimetic tempol (15 mg·kg ; n ϭ 6). Tempol treatment had no effect on ACh-induced vasodilation in MCAs from Ren1-BN rats. The Ren1-BN control response is replotted from Fig. 3 . Values are mean change in diameter from baseline Ϯ SE in m. Fig. 6 . Endothelial nitric oxide synthase (eNOS) expression and activation in cerebral arteries of Ren1-BN (n ϭ 8) and Dahl SS (n ϭ 7) rats. A: representative Western blots of eNOS and phospho-eNOS (p-eNOS; S1177). B: summarized data for total eNOS expression are normalized to ␤-actin and expressed as means Ϯ SE. C: summarized data for p-eNOS (S1177) expression are normalized to total eNOS and expressed as means Ϯ SE. There were no significant differences in eNOS expression or phosphorylation at S1177 in cerebral arteries of Ren1-BN and Dahl SS rats.
DISCUSSION
To evaluate the role of the renin gene in determining the different cardiovascular phenotypes observed in SS-13BN/ MCWi consomic rats (5, 8, 9) , novel congenic strains have recently been created that are focused around smaller regions of the portion of chromosome 13 that contain the renin gene. Studies using overlapping congenic strains containing the BN renin allele have shown that PRA is restored to normal (6) and that the angiogenic response to skeletal muscle stimulation that is lost due to low plasma ANG II levels in Dahl SS rats is rescued when the BN renin allele is introgressed into the Dahl SS genome (6) .
The present study shows that the endothelium-dependent vasodilator response to ACh is restored in MCAs from the congenic strain containing a portion of BN chromosome 13 that includes the BN renin allele (Ren1-BN), but not in MCAs from the parental Dahl SS strain or congenic strains that retain the Dahl SS renin allele (Ren1-SSA, Ren1-SSB). Similar to the Dahl SS parental strain, both the congenic strains retaining the Dahl SS renin allele (as well as the Ren1-BN congenic rats) were normotensive on a NS diet, demonstrating that endothelial dysfunction in arteries of rats carrying the Dahl SS renin allele occurs before an elevation in blood pressure and in the absence of an increase in dietary salt intake. The observation that the NO donor SNP causes a dose-dependent dilation in strains carrying either the Dahl SS or BN renin allele (Fig. 3B) is important, because it demonstrates that the vascular smooth muscle cells of all the strains are sensitive to NO and are capable of relaxing in an endothelium-independent manner. In the present study, MCAs from the Ren1-SSA strain dilated more than those of the Dahl SS strain in response to 10 Ϫ7 M and 10 Ϫ6 M SNP. However, none of the strains carrying the Dahl SS renin allele dilated in response to ACh, showing that mechanisms other than altered sensitivity to NO (most likely increased levels of vascular oxidant stress; see below) are responsible for the loss of vascular relaxation in response to the endothelium-dependent vasodilator ACh in these strains.
The two control strains for the presence of the BN renin allele (Ren1-SSA and Ren1-SSB) contain portions of BN chromosome 13 that are cut off either just above (Ren1-SSA) or just below (Ren1-SSB) the BN renin allele (Fig. 1) . A major strength of this experimental approach is that it allows us to localize genomic elements regulating vascular relaxation mechanisms with even more precision than possible with the SS-13BN/Mcwi consomic rat. However, it is important to recognize the possibility that either 1) another BN allele contained within the 2.0-Mbp segment of chromosome 13 introgressed onto the Dahl SS genetic background is responsible for restoring normal vascular relaxation responses in the Fig. 9 . M3 muscarinic receptor expression in cerebral arteries of Dahl SS rats that received an intravenous infusion of either ANG II (n ϭ 4) or isotonic saline vehicle (n ϭ 3). A: representative Western blots of the M3 muscarinic receptor. B: summarized data are normalized to ␤-actin and expressed as means Ϯ SE. There were no significant differences in muscarinic receptor expression in cerebral arteries of ANG II or saline-infused Dahl SS rats. Fig. 8 . A: response to acetylcholine (10 Ϫ10 -10 Ϫ5 M) in isolated middle cerebral arteries from Dahl SS rats maintained on normal salt diet and receiving a chronic intravenous infusion of either ANG II (3 ng·kg Ϫ1 ·min Ϫ1 ; n ϭ 6) or isotonic saline vehicle (n ϭ 6). Middle cerebral arteries from a separate group of ANG II-infused Dahl SS rats were preincubated with L-NAME (100 M; n ϭ 6) before the assessment of the vasodilator response to ACh. *Significant difference, Dahl SS-ANG II infused vs. Dahl SS-saline infused and Dahl SS-ANG II infused ϩ L-NAME (P Ͻ 0.05). B: response to the nitric oxide donor sodium nitroprusside (10 Ϫ10 -10 Ϫ4 M) in isolated middle cerebral arteries from Dahl SS rats maintained on normal salt diet and receiving a chronic intravenous infusion of either ANG II (3 ng·kg Ϫ1 ·min
Ϫ1
; n ϭ 5) or isotonic saline vehicle (n ϭ 5). Values are mean change in diameter from baseline Ϯ SE in m.
Ren1-BN congenic strain; or 2) other BN alleles in the transferred chromosomal segments, excluding the Ren1 locus, inhibit vascular relaxation when introgressed into the Dahl SS genetic background in the Ren1-SSA or Ren1-SSB congenic strains. In light of our finding that vasodilator responses to ACh are rescued in Dahl SS rats that receive a chronic low-dose ANG II infusion (Fig. 8) , the present results suggest that the loss of vascular relaxation in response to ACh in cerebral arteries of rat strains carrying the Dahl SS renin gene is due to endothelial dysfunction caused by exposure to chronically low levels of ANG II related to impaired function or regulation of the Dahl SS renin allele (1, 5, 20) .
The occurrence of increased renin-angiotensin system activity and endothelial dysfunction in patients with diabetes, atherosclerosis, hypertension, and obesity is well known. In such disease states, treatment with ACE inhibitors and AT 1 -receptor antagonists has clearly been shown to restore endothelial function to normal in multiple vascular beds (16, 18, 27, 38, 39, 47) . As a result, these treatments are often proposed as universally beneficial in improving endothelial function. However, AT 1 -receptor blockers and ACE inhibitors are less effective in treating low-renin forms of hypertension, especially in African Americans (2, 28, 43, 52, 53) . In the present study, ACE inhibition and AT 1 -receptor blockade had no beneficial effect on endothelial function and vascular reactivity in Dahl SS rats (an accepted rodent model of low-renin hypertension), but led to a significant reduction in endothelium-dependent dilation to ACh in congenic rats carrying the BN renin allele. These observations are consistent with existing studies of normotensive Sprague-Dawley rats showing that ACE inhibition eliminates ACh-induced dilation of cremasteric arterioles (10, 11) , and that AT 1 -receptor blockade impairs vascular relaxation mechanisms in Sprague-Dawley rats maintained on standard rodent chow (37) . Taken together, these observations provide ; n ϭ 8). *Significant difference (P Ͻ 0.05), Ren1-BN ϩ losartan and Ren1-BN ϩ captopril vs. Ren1-BN control. The Ren1-BN control response is replotted from Fig. 3 . B: response of isolated middle cerebral arteries of Dahl SS rats (n ϭ 9) to acetylcholine (10 Ϫ10 -10 Ϫ5 M) Ϯ 3-day treatment with captopril (100 mg·kg Ϫ1 ·day Ϫ1 ; n ϭ 6) or Ϯ 7-day treatment with losartan (20 mg·kg Ϫ1 ·day Ϫ1 ; n ϭ 7). The Dahl SS control response is replotted from Fig. 3 . Values are mean change in diameter from baseline Ϯ SE in m. Fig. 10 . eNOS expression and activation in cerebral arteries of Dahl SS rats that received an intravenous infusion of either ANG II (n ϭ 7) or isotonic saline vehicle (n ϭ 7). A: representative Western blots of eNOS and p-eNOS (S1177). B: summarized data for total eNOS expression are normalized to ␤-actin and expressed as means Ϯ SE. C: summarized data for p-eNOS (S1177) expression are normalized to total eNOS and expressed as means Ϯ SE. There were no significant differences in eNOS expression or phosphorylation at S1177 in cerebral arteries of ANG II or saline-infused Dahl SS rats.
additional support for the hypothesis that ANG II, at physiological levels, plays an important role in maintaining normal vascular function, in contrast to the undisputed deleterious effects of high levels of ANG II that contribute to endothelial dysfunction in many pathophysiological states (12, 14, 17, 26, 32, 34, 40, 55) .
A recent study by Reed and Coworkers (42) provides a striking example of differences in the effect of ANG II and AT 1 -receptor blockade under normal and pathological conditions. In that study, the authors found that AT 1 -receptor blockade with candesartan abrogated collateral zone blood flow following transient/repetitive ischemia in normotensive Wistar-Kyoto rats, while candesartan improved collateral zone flow in the myocardium of JCR rats, a rodent model of syndrome X characterized by elevated oxidant stress in the tissue. Moreover, infusion of a subpressor dose of ANG II increased collateral zone blood flow in Wistar-Kyoto rats, while a hypertensive dose of ANG II reduced collateral zone flow. That study clearly indicates that ANG II can have strikingly different effects under normal and pathological conditions. With that perspective in mind, the role of normal circulating levels of ANG II in maintaining endothelial function may become an especially important issue under conditions in which ANG II levels are suppressed, e.g., with elevated dietary salt intake, as suggested by the studies of Tzemos et al. (46) , or in low-renin hypertension.
While the mechanisms by which chronically low plasma ANG II levels cause endothelial dysfunction in the cerebral circulation of the Dahl SS rat remain to be determined, recent studies have shown that the protective effect of ANG II to restore normal vascular relaxation mechanisms in SpragueDawley rats fed a HS diet requires activation of the EGF receptor and the ERK-1/2 pathway (29) . Other studies suggest that low-dose ANG II infusion prevents the downregulation of the crucial antioxidant enzyme Cu/Zn SOD in cerebral arteries of normotensive Sprague-Dawley rats fed a HS diet (30) . This finding is particularly significant in light of multiple studies showing that a HS diet increases oxidative stress in the vasculature and reduces antioxidant enzyme expression and activity (21-23, 56 -58) . Taken together, the results of this study and others (8, 9) suggest that elevated superoxide levels caused by chronically low ANG II levels are central to the loss of NO-dependent vasodilation in cerebral arteries of normotensive Dahl SS rats.
In addition to eliminating NO-dependent dilation to ACh, salt-induced ANG II suppression has been shown to lead to impaired relaxation to a variety of vasodilator stimuli, including reduced PO 2 (also impaired in Dahl SS rats), other endothelium-dependent vasodilators (e.g., histamine), and endothelium-independent vasodilators, such as the G S␣ protein activator cholera toxin and the stable prostacylin analog iloprost (also impaired in Dahl SS rats) (8, 25, 48, 49) . This widespread impairment of vascular relaxation to multiple vasodilator stimuli may involve, at least in part, oxidative damage to receptormediated signaling mechanisms. For example, Ca 2ϩ signaling in response to muscarinic receptor activation is impaired in aortic endothelial cells of normotensive Sprague-Dawley rats fed a HS diet, but the reduction in the amplitude of receptormediated Ca 2ϩ signaling in salt-fed rats can be prevented either by chronic low-dose ANG II infusion, or by chronic antioxidant treatment with tempol in the drinking water (56).
Perspectives. Several human studies have shown that saltsensitive individuals have endothelial dysfunction and reduced PRA compared with their salt-resistant counterparts (3, 19, 31, 35) . Tzemos et al. (46) reported that salt loading impaired vascular endothelial function in young, healthy, normotensive subjects, and studies by Dickinson and coworkers (7) found that flow-mediated vasodilation improves with salt restriction in normotensive subjects, independent of any changes in resting blood pressure. Of particular interest, long-term follow-up studies in humans have shown that salt-sensitive humans not only have a greater likelihood of developing hypertension than salt-resistant counterparts, but also have a significantly higher long-term mortality rate, independent of hypertension (51) . Given the relationship between endothelial dysfunction and the occurrence of cardiovascular events and death (13, 15, 36, 44, 54) , it is attractive to postulate that reductions in dietary salt intake may be beneficial in preventing endothelial dysfunction, especially in salt-sensitive individuals, and that improvement of endothelial function by salt restriction may lower the incidence of such events. A novel perspective that emerges from the present study is the possible role of chronically low ANG II levels in contributing to endothelial dysfunction with elevated dietary salt intake, especially in low-renin forms of hypertension.
An additional contribution of the present experiments is to emphasize the value of the Dahl SS rat as an experimental model of endothelial dysfunction in salt-sensitive individuals, even in the absence of hypertension and elevated dietary salt intake. The present results indicate that narrowed congenic strains such as the Ren1-BN rat will provide a valuable experimental model for future studies to elucidate the mechanisms leading to endothelial dysfunction and cardiovascular disease, not only in salt-sensitive, low-renin forms of hypertension, but in salt-sensitive normotensive individuals as well.
